The need to develop and commercialize materials containing vegetal fibers has grown in order to reduce environmental impact and reach sustainability. Large amounts of lignocellulosic materials are generated around the world from several human activities. The lignocellulosic materials are composed of cellulose, hemicellulose, lignin, extractives and ashes. Recently these constituents have been used in different applications; in particular, cellulose has been the subject of numerous works on the development of composite materials reinforced with natural fibers. Many studies have led to composite materials reinforced with fibers to improve the mechanical, physical, and thermal properties. Furthermore, lignocellulosic materials have been treated to apply in innovative solutions for efficient and sustainable systems. This paper aims to review the lignocellulosic fibers characteristics, as well as to present their applications as reinforcement in composites of different polymeric matrices.
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Introduction
Nowadays, as an argument to reduce environmental contamination has increased the human conscientization related to correct disposal of materials, in particular there is an effort to industrial waste reuse and to renewable resources use. Thus, in recent years there has been a growth in the development of materials that meet global trends as economic viability, uses, costs and environmental impact. Numerous experimental studies have appeared with focus on the use of natural fibers as reinforcement in composites with thermoplastic or thermoset polymer matrices [1] . A statistical analysis of scientific publications in the area of natural fibers composites with thermoplastic and thermoset matrices employing the Web of Science database of peer-reviewed literature is presented in Figure 1 . In this statistical search were found publications referred as technical-scientific articles from January 2000 to May 2014. This review shows that the interest on the development of ecologically viable materials, especially with less environmental impact, with the use of raw materials from natural sources, like the natural fibers, is growing in the last decade and reveals an emerging area of polymeric composites.
This paper presents a comprehensive approach on lignocellulosic fibers as well as on the properties of polymer composites formed with these fibers. Recent publications are considered, along with a brief review on grounds in the chemical composition of lignocellulosic materials and the effect of addition fibers on the mechanical, thermal and physical properties of thermoplastic and thermoset matrices.
Fiber Attributes Affecting Polymer Composite Properties

Source and morphology of the cellulosic fibers
The traditional source of cellulosic fibers has been wood and, for many countries, this will continue to be the case [2] . Other large sources are cotton, flax, jute, sisal, curauá, hemp and by products from the cultivation of corn, wheat, rice, sugarcane, pineapple, banana and coconut.
The dimension and arrangement of unit cells in a fiber determine the structure and also influence the fiber properties affecting consequently the polymeric composite properties. The amount of each element as well as morphology and properties of fibers are dependent on the plant species, crop production, place of extraction, plant age, plant part chosen and soil conditions where they were grown [3] [4] [5] [6] . These variables represent one of the prominent barriers for the large-scale manufacture of lignocellulosic-based composites.
Lignocellulosic fibers are characterized by their cellular structures composed by cells that contains crystalline (highly ordered) and amorphous (disordered) regions interconnected through lignin and hemicellulose fragments [7] . These regions do not possess well-defined borders and present a transition from an ordered arrangement of the cellulose chains to amorphous [8] .
As shown in Figure 2 , vegetal fiber structure is formed by a central channel called as lumen, responsible for water and nutrients transportation, and by the cell wall. The cell wall of each fiber is composed by several layers as followed: middle lamella, the thin primary wall, and the secondary wall, which is subdivided into external secondary wall (S1), middle secondary wall (S2) and internal secondary wall (S3). These layers are composed of microfibrils oriented into space in defined (angles) form, according to the each layer [9] [10] [11] [12] .
The primary wall, initially deposited during the growth of cells, consists in a disordered arrangement of cellulose fibrils placed in a matrix of pectin, hemicellulose, lignin, and protein [10, 11] . Secondary walls consist of crystalline cellulose microfibrils organized in a spiral arrangement, where the middle layer (S2) determines the fiber mechanical properties. This is consisted by an amount of microfibrils, in a helical conformation of long chains of cellulose. Microfibrils have a diameter of 10 to 30 nm and are arranged in an amorphous region formed of lignin and hemicellulose, and it is a resulting of a packaging 30-100 of extended cellulose chain [10, 11] . The middle lamella, that is outer layer of cell, is composed predominantly by pectin that acts as cement between fibers [11] . The fiber strength can be an important factor in selecting a natural fiber for a specific application. A high aspect ratio (length/width) is very important in cellulose-based fiber composites as it gives an indication of possible strength properties. Fiber dimensions, defects, strength, variability, crystallinity, and structure must be taken into consideration.
Chemical composition of the cellulosic fibers
Vegetable fibers have considerably complex structures, defined by a wide variety of organic compounds such as lignin, hemicellulose, waxes, fatty acids, fats, pectins Schematic representation of plant fiber structure: primary wall, middle lamella, lumen, S1 -external secondary wall, S2 -middle secondary wall and S3 -internal secondary wall among others, and their properties have been investigated by several researchers [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Cellulose, hemicellulose and lignin are the three main constituents of vegetable fibers. For this reason, they are also referred to as cellulosic or lignocellulosic fibers. The proportion of these components in a fiber depends on the age, source of the fiber and the extraction conditions used to obtain the fibers. Table 1 provides average values of vegetal fibers properties, including their chemical constituents.
The major component of vegetal fibers is the cellulose, which is a long-chain polysaccharide formed by units of β-D glucose building blocks that bind together through the connections 1 and 4 carbons β (1→ 4) glycosidic [58] [59] [60] . [61] have described cellulose crystal structure initially in 1928. Depending on the crystalline geometry, cellulose is classified as I, II, III, IV and X in all cases, the monomeric unit is repeated approximately every 1.03 nm. The most stable configuration around the link β (1→4) implies in the rotation of 180° between glucose units by repetitive cellulose unit, which is called as cellobiose. Two adjacent glucose units are linked from the eliminating of one water molecule between its hydroxyl groups, bonded to carbon 1 and 4. The position β of the OH group requires a rotation of the next glucose unit about the axis C1 -C4 of pyranosidic ring [58, [62] [63] [64] .
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Hemicellulose is present in all layers of the plant cell wall, however it is concentrated in the primary and secondary layers, where occurs in association with cellulose and lignin [58, 63, 64] . Lignin is a highly crosslinked molecular complex with amorphous structure and acts as a binder agent between individual fiber cells and the fibrils forming the cell wall [3] . Aromatic polymers involve multiple layers of celulose-lignin/hemicelulose and form the composite material constituting of cellulose walls [7] . It is basically composed by phenylpropane units in a form of a three-dimensional and amorphous macromolecule [63] . The different coupling between the lignin precursors (p-cumarylic alcohols, and coniferyl sinapylic) give rise to various types of linkages between phenylpropane units, the most frequent are β-O-4 and α-O-4 (50-65%), β-1 (9-15%), β-5 (6-15%), 5-5 (2-9%) e β-β (2-5%) [58] . Lignin is also responsible for rigidity property of the plant cell wall and acts as a permanent agent to cells connection, producing an impact and compression resistant structure [62] .
Surface modification of natural fibers
Natural fibers are incompatible with the hydrophobic polymer matrix and have a tendency to form aggregates, which affect the quality interface of fiber-matrix. These are hydrophilic fibers and thus exhibit poor resistance to moisture. To eliminate these problem physical and chemical methods can be used to optimize natural fiber interface [1, [65] [66] [67] [68] . These structures contain reactive functional groups that are capable of bonding with reactive groups in the matrix polymer. Thus, modification of natural fibers is attempted to produce fibers hydrophobic in order to improve interfacial adhesion between the fiber and the matrix polymer. a) Physical methods Some physical methods are used to change the properties of the natural fibers such as electric discharge (corona, cold plasma) and corona treatment. This is one of the most techniques for surface oxidation activation of natural fibers, which changes the surface energy of them. The same effects are reached by cold plasma treatment of various fibers [69] .
b) Chemical methods
The different surface modifications of natural fibers such as alkali, acetylation, silane treatment and peroxide treatment with various coupling agents and others have resulted in improving fiber strength, fiber fitness and fiber-matrix adhesion in natural fiber composites [70] [71] [72] [73] [74] .
Alkali treatment of fibers is the common method to produce high quality fibers [69] . In this treatment, parameters as type and concentration of the alkali solution, operational temperature, temperature treatment time, material strength, as well as the applied additives are considered. Various silanes were found to have effectively improved the interface properties of wood-polypropylene, mineral filled elastomers, and fiber reinforced epoxies and phenolics [75] .
Silanes having reactive alkyl groups bond chemically in order to form adhesives reacting with appropriate groups and thus promote adhesion. Silanes having non-reactive alkyl groups have no chemical coupling activity and, in such cases adhesion appears to arise from improved interfacial compatibility. Silanes have been used to promote adhesion to hydrophilic adherents, such as glass, aluminum, clay, talc, calcium carbonate etc. [76] . The silane coupling agents were found to be effective for modified natural fiber-polymer matrix interface. Hashemi et al. [77] investigated polypropylene/bagasse fiber composites prepared by compounding polypropylene (PP) with bagasse fibers as reinforcing filler. Surfaces of fibers were modified through the use of silane coupling agents (Vinyltrimethoxysilane and γ-Glycidoxypropyltrim ethoxysilane). The fiber coating was performed by mixing of silane with fibers and cured through microwave oven in presence of catalyst. It was found that modification of surface fiber will change the physical, mechanical, morphological, and rheological properties of composite. It was observed from scanning electron microscopy that fiber adhesion to matrix has been improved and so as dispersion. Addition of fibers increases the melt viscosity in unmodified fibers but reduced the melt viscosity for modified fibers and even the viscosity is lower at higher loading compared with unmodified fibers. The tensile strength and tensile modulus increased in modified fibers compared with the unmodified on the same loading, but elongation at break decreased. The effect of coupling agent on properties of filled PP depends on the content of coupling agents and optimum amount was achieved through measurement of water absorption.
Ruggiero et al. [78] analyzed unbleached (SCB) and peroxide bleached (PB-SCB) sugarcane bagasse fibers grafted with hydroxyphenylbenzotriazole UV absorber (1) and/or hindered nitroxide radical of piperidinyloxy type [3] . PB-SCB fibers were also acetylated with acetic anhydride.
In the recent years, procedures for the modification of metallic oxide coated cellulose fibers, Cell/MxOy, have been studied [79, 80] . This material type has been used for specific applications: TiO 2 for bactericidal activities [81] , ZrO 2 for retention and analysis of Cr (VI) [82] , sulphate [83] and Al 2 O 3 for adsorption of some metal halides from ethanol solution [84] .
The experimental methodology of the fibers coating process depends on the form in which the cellulose is obtained, as fiber or membrane. As fiber form, the cellulose treatment with a precursor reagent can be made in aqueous or non-aqueous solvent [85] .
Mulinari et al. [86] evaluated the effect of the modification using zirconium oxychloride on cellulose fibers from sugarcane bagasse to reinforce high-density polyethylene in order to improve mechanical properties. Results showed a successfully performance and that the reinforcement of high-density polyethylene presented a tensile strength value higher than that with non-modified cellulose fibers from sugarcane bagasse.
Other type treatment is the delignification, which is generally carried out by extracting using alcohol or benzene reagents and with NaOH followed by drying at room temperature. Many oxidative bleaching agents such as alkaline calcium or sodium hypochlorite and hydrogen peroxide are commercially used. Bleaching generally results in weight loss and improved tensile strength. Weight losses are mainly attributed to the action of the bleaching agent or alkaline reagent on the noncellulosic constituents of fibers as hemicellulose and lignin [82] .
Lignocellulosic fibers as reinforcement in composites
Lignocellulosic fibers are being considered as scientific and technological innovation in the area of new materials, point out the importance of agro waste application, specially, from vegetal fibers as raw material [87] . The use, reuse, and recycling of lignocellulosic materials minimize environmental problems and, consequently, improves the health of humanity. It is possible through the use of them, for example, with a propose of reinforce polymer to produce composites, regarding the fact that this fibers have properties such as low cost, low density, biodegradability, recyclability and low abrasiveness, specific mechanical properties capable of improving the mechanical properties of polymeric matrices, flexibility in processing, and the possibility of easily changing its properties through surface treatments [88] [89] [90] [91] [92] .
Another important advantage of the vegetal fiber is strong ecological appeal that comes into your aggregated use, since these fibers can be obtained from industrial waste or simply vegetation considered as invasive with no useful application [93] . Synthetic fibers replacement by plant fibers reduce the final cost of material, since with increasing of this type of composite use, the commercialization of vegetal fibers start being made in industrial scale and sustainably [94] .
Vegetal fibers can be used in a wide range of application such as filters for heavy metals retention [86] , crafts, and as reinforcement to produce polymer matrix composites [95] .
Fibers as reinforcement present some characteristics that will interfere in the final properties of composites. Vegetal fibers, due to hydrophilic characteristic, absorbing large quantities of water and are incompatible with most hydrophobic thermoplastics, such as polypropylene and polyethylene, damaging the interfacing of composite [91, 92, 96] .
In general, for composites reinforced with natural fibers, the surface treatments are used in order to remove amorphous constituents such as hemicellulose and lignin, with the goal of to get as much cellulose as possible with higher levels of crystallinity. Higher mechanical properties and thermal degradation resistance can associate to higher cellulose content at the fiber [91] .
Other important characteristic regarding to strengthen a polymer with natural fiber is the thermal degradation of fibers, which is in average around 200°C, limitant parameter to processing temperature. The fiber size, morphology, and fiber orientation are also characteristics that influence directly the composites final properties [93, 97, 98] .
Composite processing also affects the final properties of materials, thereby obtaining of natural composites requires specific conditions with this respect, in operational processing materials are subject to temperature variations, at shear tension besides to be exposed to oxygen [59] .
A great amount of natural fibers have now been studied for applications as reinforcement of composites that use thermoplastic or thermosettings matrices, the most used are sisal, jute, bamboo, curauá, bagasse from sugarcane and green coconut shell fibers [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . Table 2 describes some fibers applied as reinforcement with various thermoplastic and thermoset polymeric matrices.
Besides mentioned fibers, every day new fibers appear as an alternative to produce natural composites, in literature there are studies with palmers fibers [41] , wheat straw [117] and rice straw [190] , pineapple crown [41] , banana pseudostem [186, 191] , banana pells [95] and many other fibers can be extracted from different regions of the world.
Thermoplastic matrix composites development reinforced with natural fibers have grown in recent years due to favorable environmental aspects and mainly due to its higher mechanical properties when compared to the unreinforced matrix [94] .
According to the literature, the most commonly used thermoplastic polymers as matrix for natural composites are those conventional thermoplastics called as commodity, such as polyethylene (PE), high-density polyethylene (HDPE), polypropylene (PP) and polyvinyl chloride (PVC). Other less frequently used polymers are polystyrene (PS) and high impact polystyrene (HIPS) [101, 192] .
Some of the main properties of thermoplastic polymers commonly used as matrix in natural composites are described in Table 3 .
Polyolefin such as polypropylene and polyethylene (low and high density) are polymers originating from unsaturated aliphatic hydrocarbons monomers and present a double reactive carbon-carbon double bond [199] .
The polypropylene (PP), a highly crystalline linear chain polymer, due to the mechanical properties, processability, cost, and low process temperature is considered one of the most commonly thermoplastic used as matrix for natural composites [93, 99] .
Depending upon the density, the polyethylene (low or high) may have a range of properties that vary in agreement with the polymer crystallinity degree, which improves properties such as tensile modulus, yield strength and hardness [199] . Borsoi et al. [200] studied the production and characterization of polystyrene composites reinforced with cotton fibers. Considering the results of tensile and bending tests, the authors concluded that with the addition of 20% of cotton fibers there was an improvement in composites properties, which was influenced by coupling agent. Table 2 . Thermoplastic and thermoset polymeric composites reinforced with different natural fibers.
Thermoplastic Vegetal fibers
Polypropylene (PP) curaua [116] , flax [92, 117, 118] , green coconut husks [93, 96] , hemp [119] , jute [101, 120] , palm [96] , sisal [99, 117, 121] , sugarcane bagasse [110, 122] ,wheat straw [117] Polyethylene (PE) banana [123] , green coconut husks [124] , rice husk [125] , sisal [126] , sugarcane bagasse [22] High density polyethylene (HDPE) banana [127] , curaua [94, 116] , sisal [102] , wood [128] High Impact Polystyrene (HIPS) green coconut husks [129] , sisal [130] , sugarcane bagasse [131] Thermoset
Vegetal fibers
Polyester bamboo [132] ,banana [133, 134] , coconut [69, 135] , curaua [111, 136] , flax [137, 138] ,hemp [139] [140] , jute [141] [142] , pineapple [143, 144] , sisal [145, 146] , sugarcane bagasse [74, 147] Polyurethane (PU) banana [148] , coconut [149] , curaua [108] , sisal [150, 151] Epoxy banana [114, 152] , coconut [153, 154] , cotton [155] , flax [156] [157] , hemp [158] , juta [159] [160] [161] [162] , pineapple [163] , sisal [164] [165] Phenolic banana [166, 167] , flax [168, 169] , jute [170] , sisal [171] [172] [173] [174] [175] Vinylester coconut [176] , hemp [177, 178] , jute [179] [180] [181] , pineapple [182] , sisal [183, 184] Biodegradable aliphatic polyester sugarcane bagasse [185] Corn starch banana pseudostem [186] , sugarcane bagasse [186] , curaua [187] Starch/EVOH coconut [188] Soy protein sisal [189] Rosario et al. [99] observed that 30% of residue sisal fiber into polypropylene (PP) matrix caused a 70% increase in Young's modulus and 140% in Izod impact strength, a decreasing in the ultimate tensile strength and the deformation at rupture of 9% and 198% respectively, was also observed. According to authors this reduction in ultimate tensile strength can be minimized with a previous treatment of the fiber in order to improve fiber/matrix adhesion. No thermal degradation was observed by thermogravimetric analysis, since stability temperature (240°C) is significantly higher than the composite process temperature that was 200°C.
Le Moigne et al. [117] and colleagues evaluated statistically the size and shape distribution of flax, sisal and wheat straw after mixing in polypropylene (PP) composites. The fiber type was an important factor that influenced the size distribution and shape of the fibers after mixing with the polymer. The flax fibers were fractures in the elementary fibers long form [117] .
George et al. [101] studied the effect of stearic acid, potassium permanganate (KMnO 4 ), toluene diisocyanate, and polypropylene modified with maleic anhydride treatments on the mechanical properties of jute fibers composites processed by hot compression molding. With the addition of 55.89 wt% of jute the properties in tensile, flexural and impact tests presented a considerably improvement. Considering all treatments, the modification with KMnO 4 was the most effective to increasing of tensile (53.06 MPa to 68.26 MPa) and modulus (2557 MPa to 3278 MPa) strength properties, in relation to composites with untreated fibers.
The polyvinyl chloride (PVC) is the most important polymer from the class of chlorinated monomers and the second most consumed thermoplastic in the world. The PVC defines a class of polymers with good mechanical properties by high intermolecular forces generated because the polarity of chlorine [20, 199] . According to Grizzo et al. [201] the main characteristics of PVC is its versatility; thermal, electrical and acoustic insulation; flame propagation; chemical, weathering and creep resistance; recyclability and good processability; and cost/benefit. The properties study of composites reinforced with natural fibers, considering as parameter: the type of natural fiber used, the fiber surface treatment and composites processing in the final properties of the material, is very important once, depending on the composites class, the material could be used in wide range of application, such as packaging, aerospace, sports, construction, and especially in the automotive industry [89, 92] .
Lignocellulosic Fibers/Thermoset Matrices Composites
The main thermoset resins used in the production of composite materials are unsaturated polyesters, vinyl ester, derived esters, phenolic, amino, epoxy and furans [179] . The physical and mechanical properties of thermoset resins commonly used are listed in Table 3 .
The unsaturated polyesters present a wide range of properties and, consequently applications. This material has as advantages, compared with other thermoset resins, the ability to cure at room temperature, good mechanical properties and transparency, besides being produced on a large scale [179] . The use of natural fibers as reinforcement for unsaturated polyester has been widely reported in studies involving the sisal, jute, flax, coconut, banana, pineapple, hemp, curaua and sugarcane bagasse fibers.
Epoxy resins used for high-performance composites have high mechanical strength and environmental degradation resistance and are commonly used in the aerospace and naval industries [3] . Epoxy resin reinforced with natural fibers is widespread in works involving sisal, jute, flax, coconut, banana, pineapple, cotton and hemp fibers. [164] studied sisal/epoxy composites synthesized with the addition, by weight, of nanoclays with 1%, 3% and 5% concentrations. Authors concluded that the nanoclay can be successfully used as filler, that provides good water barrier properties, improving also the tensile properties with further improvement of wear, Tg and dynamic flexural properties. Results showed tensile strength Table 3 . Physical and mechanical properties of the major thermoplastic and thermoset polymers used as matrices of natural composites [3, 193, 194, [195] [196] [197] [198] . [3] . Rassman et al. [178] compared the mechanical properties (tensile, flexural and impact) and water absorption properties of composites reinforced with hemp (kenaf) fibers produced using three different systems of resin (polyester, vinyl ester and epoxy). Laminates of 15%, 22.5% and 30% fiber volume fraction were manufactured by resin transfer molding (RTM). As a general conclusion, all mechanical properties increased in agreement with growth of fiber volume for all three resin systems. The laminated hemp/polyester showed good values of modulus and impact resistance, laminates hemp/epoxy showed the highest tensile strength (30% -64.5 MPa) and those with hemp/vinyl ester exhibited good absorption characteristics of water. Scanning electron microscopy examinations of impact test specimens show that epoxy laminates failed by fiber fracture, polyester laminates by fiber pullout and vinyl ester one by a combination of pullout and fiber fracture.
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Properties
Regarding phenolic resin, it was recorded as application mainly when high resistance to fire is required, associated to the fact that this resin maintains its properties at elevated temperatures [3] .
The work presented by the authors Barreto et al. [171] show the preparation and characterization of composites of jute/phenolic-based cashew nuts shell liquid. Fibers (bi directional textile) were chemically modified with alkali treatment (5% and 10% NaOH for 6h) and then bleached with sodium hypochlorite NaClO/H 2 0 (1:1) at 60-75 °C for 4h. The authors concluded that chemical treatment depends on several variables (reagent concentration, temperature and time), with results affecting directly thermal and mechanical properties, biodegradability and consequently fiber/matrix adhesion. The jute fiber composites showed an improvement of 28% in their mechanical properties due to chemical treatment with 5% NaOH (23.5 MPa) and a decrease of 64% for the composite treated with 10% NaOH (6.6 MPa) when compared with jute/phenolic composite without treatment (18.3 MPa) .
Some thermoset resins such as polyurethanes (PU), the bismaleimidas (BMI) and cyanate ester (CE) are less frequently used to composites manufacture with natural fibers [3] . The green composites that use polyurethane resin based on castor oil reinforced by sisal fibers have been studied by Milanese et al. [151] ; Silva et al. [202] ; Melo and Pasa [203] , with jute fibers by Neto et al. [22] ; banana peel fiber by Merlini et al. [148] ; sugarcane bagasse by Miléo et al. [204] , and coconut fibers by Mothé and Araújo [149] . Silva et al. [202] reported the hygroscopic, thermal and mechanical properties of sisal/castor oil PU composites evaluated regard to reinforcement geometry (short fiber, long fiber and woven fabric) and alkaline treatment of fibers with sodium hydroxide solution (10% wt) for 1h.
In general, the alkaline treatment improved quasi-static tensile properties of composites with short fibers randomly oriented (43 MPa to 46 MPa) and long aligned sisal fibers (107 MPa to 120 MPa), whereas a negative effect of the alkaline treatment was observed in the mechanical behavior of bidirectional fabric composite (39 MPa to 34.5 MPa).
Conclusions
1. The use of lignocellulosic fibers has increased with the years, mainly due to environmental aspects and low cost. The range of application of these fibers is large, but they have been highlighted as reinforcements for polymer composites with thermoplastic or thermoset matrices.
2. Vegetal fibers, also called lignocellulosic fibers, are basically composed by lignin, hemicellulose and cellulose, and the amount, morphology and how these constituents are found in the fibers depend on many factors.
3. Thus the study of lignocellulosic fiber reinforced polymer composite focus on understanding the properties of composites according to fiber properties, taking into account parameters such as, the type of fiber reinforcement and matrix content, fiber surface treatments and processing conditions.
4.
Depending on the type of polymer matrix, thermoplastic or thermoset, a single fiber may also have a different effect on the final properties of the composites. This study showed therefore a summary of the main results obtained in recent studies using natural composite. 
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